Climate change is predicted to be one of the greatest drivers of ecological change in the 2 coming century. Increases in temperature over the last century have clearly been linked to 3 shifts in species distributions. Given the magnitude of projected future climatic changes, we 4 can expect even larger range shifts in the coming century. These changes will, in turn, alter 5 ecological communities and the functioning of ecosystems. Despite the seriousness of 6 predicted climate change, the uncertainty in climate-change projections makes it difficult for 7 conservation managers and planners to proactively respond to climate stresses. To address 8 one aspect of this uncertainty, we identified predictions of faunal change for which a high 9 level of consensus was exhibited by different climate models. Specifically, we assessed the 10 potential effects of 30 coupled atmosphere-ocean general circulation model (AOGCM) 11 future-climate simulations on the geographic ranges of 2,954 species of birds, mammals, and 12 amphibians in the western hemisphere. Eighty percent of the climate projections based on a 13 relatively low greenhouse-gas emissions scenario result in the local loss of at least 10% of the 14 vertebrate fauna over much of North and South America. The largest changes in fauna are 15 predicted for the tundra, Central America, and the Andes Mountains where, assuming no 16 dispersal constraints, specific areas are likely to experience over 90% turnover, so that faunal 17 distributions in the future will bear little resemblance to those of today. 18 19
INTRODUCTION 23
Recent climatic changes have already caused shifts in species distributions (Parmesan 24 2006) . In general, species have been found to be moving their ranges poleward in latitude 25 3 and upward in elevation at rates that are consistent with recent temperature increases. 26
Because future changes in climate are projected to be even greater than those of the last 27 century (Alley et al. 2007 ), they will likely produce even larger range shifts (Thomas et al. 28 2004, Thuiller et al. 2005 ). In many instances, the impacts of these range shifts will go far 29 beyond the mere addition or subtraction of a species to or from a system. Some range shifts 30 will have cascading effects on community structure and the functioning of ecosystems 31 Most studies that project climate-induced shifts in species ranges at continental scales 42 use bioclimatic models. The bioclimatic modelling approach involves building a statistical or 43 machine-learning based model that relates the current distribution of a species to current 44 climate and then uses this relationship to project a potential future range based on future 45 climate projections (Pearson and Dawson 2003) . The approach has the advantage of 46 requiring relatively little data on the specific biology of a given species and thus models can 47 7 interpolated to the 50-km grid using a geographic-distance-weighted bilinear interpolation 126 method. The temperature, precipitation, and sunshine anomalies were applied to the 127 interpolated CRU CL 2.0 data on the 50-km grid to create a 1901-2002 monthly dataset of 128 temperature, precipitation, and sunshine. We calculated a 1961-1990 30-year mean 129
climatology from these data to use as our modern climate dataset. 130
We used 30 climate simulations to project potential future ranges of species for the 131 time period of 2071-2100. The 30 climate simulations consisted of projections from 10 132 coupled atmosphere-ocean general circulation models (AOGCMs; Appendix A) run under 133 three different greenhouse-gas emissions scenarios (B1, A1B, and A2). These scenarios 134 represent the lower, mid, and mid-high range of the IPCC Special Report on Emissions 135
Scenarios (SRES) (Nakicenovic et al. 2000) . We chose these 30 climate simulations because 136 they cover a broad range of future greenhouse-gas emissions scenarios and they were all 137 temperature anomalies were calculated as differences (future minus present) and precipitation 147 and cloud-cover anomalies were calculated as ratios (future divided by present). These 148 anomalies were interpolated to the western hemisphere 50-km grid using geographic-149 distance-weighted bilinear interpolation. The anomalies were then applied to the 1961-1990 150 
Modeling approach 168
The modeling approach involved three steps. First, we used bioclimatic models to 169 relate the observed current range of each species to current climate. Next, we used the 30 170 different future climate projections to generate 30 potential future ranges for the 2,954 171 species for which we were able to build the most accurate bioclimatic models (Appendix C). 172
Finally, we summarized the projected range shifts across all species and climate-change 173 projections. clearly dictated by climate, the models will more accurately project range shifts. This is 195 likely to be the case for many species when models are applied at a coarse spatial resolution. 196
In fact, many of the documented shifts in species distributions have been in directions and at 197
rates that correspond directly with climatic changes (Parmesan and Yohe 2003) . For species 198 with ranges that tend to be determined largely by interspecific interactions or, more 199 10 importantly, interspecific interactions that will change with climate change, correlative 200 bioclimatic models will be less accurate at projecting potential range shifts. 201
We built the models using 80% of each of the presence and absence observations for 202 each species. We then used the remaining 20% of the data to test the models. In our 203 calculations of potential faunal change, we used only those models that correctly predicted at 204 least 80% of the presences and at least 90% of the absences in the test-data sets. This model-205 selection process produced models that accurately predicted the current distributions for 206 1,818 bird, 723 mammal, and 413 amphibian species (Appendix C). 207
To summarize the projected range shifts across all species and climate-change 208 scenarios, we used each of the 30 climate-change projections to estimate potential faunal 209 changes for each of the 15,323 50-km grid cells in the western hemisphere. As climate 210 changes, species will differ in their ability to track the change and to move into newly created 211 suitable habitat. We calculated potential faunal change on a cell-by-cell basis assuming no 212 dispersal to new areas with suitable climatic conditions and conversely, assuming unlimited 213 dispersal into new suitable areas. The actual responses of species will likely fall between 214 these two extremes. For the assumption of no dispersal, we calculated "species loss" for a 215 cell as the percentage of all modeled species currently occurring in the cell whose predicted 216 future range did not include the cell. Under the assumption of unlimited dispersal, we 217 calculated "species gains" as the number of species potentially moving into a cell as a result 218 of a projected range expansion expressed as a percentage of the current number of species in 219 the cell. We also calculated "species turnover," a composite measure of both potential 220 species losses and gains. Turnover was calculated as the sum of all species in a cell whose 221 predicted future range did not include the cell plus all species not in the cell whose future 222 range did include the cell, expressed as a percentage of the number of species currently 223 occurring in the cell. 224 11 We used a probabilistic ensemble-modeling approach to summarize the 10 predictions 225 of faunal change for each greenhouse-gas emissions scenario by taking the 20 th percentiles of 226 the distributions of loss, gain, and turnover values for each grid cell. These values were used 227 to identify areas in which 80% (8 out of 10) of the climate projections for each greenhouse-228 gas emissions scenario predicted large changes in the vertebrate fauna. We further 229
234
Eighty percent (8 out of 10) of the climate-change projections resulted in an average 235 loss of 11% of species per grid cell across North and South America under the lower B1 236 greenhouse-gas emissions scenario and at least 17% loss under the mid-high A2 scenario 237 (Fig. 1a and 1c) . Several areas in the western hemisphere were consistently projected to 238 experience large losses of the current fauna. Eighty percent of the analyzed climate-change 239 projections predicted at least 20% species loss under the lower B1 emissions scenario, and at 240 least 50% loss under the mid-high A2 scenario as a result of range contractions in parts of 241 Mexico, Central America, and the Andes Mountains (Fig. 1a and 1c) . 242
Assuming no limitations to dispersal, several areas were projected to gain new species 243 as a result of range expansions (Fig. 1d-f) . Proportionally, the largest potential gains were 244 projected for the high northern latitudes and for the central and northern Andes Mountains. 245
For example, 80% of the climate projections resulted in average gains of at least 30% per grid 246 cell in the Tundra ecoregion under the lower B1 greenhouse-gas emissions scenario and at 247 least 57% gains under the mid-high A2 scenario (Appendix E). In the Northern Andes 248 ecoregion, average gains were at least 21% under the lower B1 scenario and at least 27% 249 12 under the mid-high A2 scenario. The maximum gains in both of these regions were predicted 250 to be well over 100% under both scenarios. 251
Combining both potential range contractions and range expansions resulted in 252 relatively large estimates of species turnover (Fig. 1g-i) . On average, 80% of the climate 253 projections resulted in at least 25% turnover across all of North and South America under the 254 lower B1 scenario and at least 38% turnover under the mid-high A2 scenario. Again, the 255 largest changes were projected for the Arctic tundra, Mexico, Central America, and the 256 Andes. On average, in the Northern Andes ecoregion, turnover was projected to be at least 257 41% under the lower B1 emissions scenario and at least 49% under the mid-high A2 scenario 258
(Appendix E). At least one grid cell in each of the 23 major ecoregions in North and South 259
America was predicted to experience at least 60% turnover under the lower B1 emissions 260 scenario and cells in 11 of the 23 ecoregions were predicted to experience at least 100% 261 turnover under the mid-high A2 scenario, which means the vertebrate communities in these 262 areas would bear almost no resemblance to today's fauna. Species turnover estimates derived 263 from range shifts projected on both 100-km by 100-km and 200-km by 200-km grids showed 264 very similar patterns to those based on the 50-km by 50-km grid (Fig. 2)  265 Both the magnitude and the pattern of predicted changes differed across taxonomic 266 groups (Fig. 3) . In general, our results indicate that we should expect greater changes in 267 local amphibian fauna than in either mammal or bird fauna. Although all three taxonomic 268 groups were predicted to experience large changes at high northern latitudes, and in the 269 Andes, Mexico, and Central America, amphibians were uniquely predicted to also undergo a 270 high degree of turnover in the central and eastern United States. fauna. The potential for large species losses does not mean that these regions should be 285 neglected by conservation efforts, but rather that climate change may significantly limit 286 efforts directed at retaining specific species in these regions. 287
It is important to note that our estimates of faunal change are all reported as 288 percentages of the number of species currently at a site. Due to latitudinal trends in species 289 richness, the largest changes in the absolute number of species were predicted for the tropics. 290
Given the potential for overestimating species richness from inaccuracies in the underlying 291 species' range maps, we chose not to report raw species numbers. Nonetheless, even a 292 modest percentage of turnover in the tropics will translate into a large number of species 293 potentially moving in or out of an area. 294
In addition to regional differences, there are likely to be taxonomic differences in 295 responses to climate change (Parmesan 2006) . Previous studies have predicted that 296 amphibians will be more susceptible to climate change than birds or mammals because of 297 their dependence on microhabitats and hydrological regimes, limited dispersal abilities 298 revised by experts, rapid land conversion in these regions may have recently eliminated some 319 species from particular grid cells. Thus, there may be some overestimate of faunal change 320 due to climate change in these areas of rapid land conversion. For those species that have not 321 been recently extirpated, however, the effects of climate change in these areas will likely be 322 even more profound. For many species, these changes will result in the loss of potential 323 future habitat hence limiting potential future distributions. In addition, for many species, 324 15 fragmented habitats and human land-uses will hinder movement further reducing the ability 325 of species to shift their distributions in response to climate change. 326
Our projections may also be conservative if future greenhouse-gas emissions surpass 327 the levels specified in the three emissions scenarios used in our analyses. We used the three 328 emissions scenarios on which the IPCC focused their attention for the CMIP3. It is possible, 329 of course, that human activities will result in higher greenhouse-gas concentrations than those 330 resulting from these three scenarios. If that were to be the case, we would expect even larger 331 changes in the distribution of fauna. 332
Most notably, however, our projections are likely to be conservative because we 333 included in our analyses only those species for which we were able to build models that 334 accurately predicted current ranges. This restriction generally biased us towards excluding 335 species with small and fragmented ranges. These species are likely to be more susceptible to 336 climate-induced range loss and range contraction due to their restrictive habitat requirements. 337
Many of the species with the smallest ranges occur in Central America, the Andes, and in the 338
Atlantic rainforests where our projections also predict major changes in fauna. Other areas 339 such as Mediterranean California, the Mexican Tropical Dry Forests, and the southern 340
Appalachian Mountains of North America were not highlighted by our analyses as areas of 341 projected high faunal change, but may, nonetheless, experience significant changes due to the 342 larger numbers small-range endemic species they harbor. Our analyses map a geography of projected severe faunal change. Despite the 368 differences among climate projections, our results indicate that even the lower greenhouse-369 gas emissions scenarios will likely lead to substantial changes in biodiversity. We conclude 370 that as a result of climate change, many areas in the western hemisphere will likely 371 experience a significant reorganization of their vertebrate fauna over the coming century. 372
While much discussion of climate impacts has focused on absolute extinction (which is 373 difficult to predict), faunal change alone is a matter of great concern. Change of the 374 vertebrate taxa. Predictions were made using 10 different climate projections for the A1B 565 mid-range greenhouse-gas emission scenario. Eighty percent (8 of 10) of the climate-change 566 24 projections resulted in greater species turnover than the values in these maps. For the light 567 grey areas (a), small sample sizes precluded reliable estimates of species-turnover. 568
